Abstract: We find conditions for suppression of higher-order core modes in chalcogenide negative curvature fibers with an air core. An avoided crossing between the higher-order core modes and the fundamental modes in the tubes surrounding the core can be used to resonantly couple these modes, so that the higher-order core modes become lossy. In the parameter range of the avoided crossing, the higher-order core modes become hybrid modes that reside partly in the core and partly in the tubes. The loss ratio of the higher-order core modes to the fundamental core mode can be more than 50, while the leakage loss of the fundamental core mode is under 0.4 dB/m. We show that this loss ratio is almost unchanged when the core diameter changes and so will remain large in the presence of fluctuations that are due to the fiber drawing process. and nanosecond pulse delivery through a hollow-core negative curvature fiber for micro-machining applications," Opt. Express 21(19),
Introduction
Hollow-core photonic crystal fibers (PCFs) confine the light inside a hollow air core that is surrounded by a microstructured glass cladding [1] [2] [3] [4] [5] . These hollow-core PCFs have the potential to provide low-loss transmission, along with delivery of high-power light with low nonlinearity. The oldest and most common approach for confining light in the core is to use a photonic bandgap structure in the cladding that is created by a periodic array of air holes [3] [4] [5] . Light cannot propagate in the cladding in the wavelength range of the bandgap and is confined within the hollow core. An alternative approach that has recently been investigated is to use negative curvature at the core-cladding boundary by placing a set of hollow tubes that surround the hollow core [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Negative curvature implies that the surface normal to the core boundary is oppositely directed from the core [6, 7] . Since no bandgap is used, there is no requirement for a periodic cladding structure. Chalcogenide fibers are often used for infrared transmission at wavelengths beyond 3 µm where silica fibers become lossy [17, 18] . However, development of hollow-core chalcogenide fibers has been hampered by fabrication difficulties. Negative curvature fibers have a simpler structure than photonic bandgap fibers, which makes it easier in principle to fabricate them.
Negative curvature fibers have been simulated and fabricated in silica with core diameters ranging from 30 µm to 110 µm for transmission wavelengths between 1 µm and 4 µm [6] [7] [8] [9] [10] [11] [12] [13] . A chalcogenide negative curvature fiber has been fabricated with a large core size of 380 µm to transmit light from a CO 2 laser at 10.6 µm [14] . Fibers with a large core diameter like this one have low-loss transmission with low nonlinearity. On the other hand, fibers with a large core diameter have higher-order core modes. It is desirable for many applications to suppress the higher-order modes, which would decrease the coupling between the fundamental and higherorder core modes due to small perturbations like microbending [19, 20] .
In this paper, we show computationally that it is possible to suppress higher-order core modes in a chalcogenide negative curvature fiber while preserving low leakage loss for the fundamental core mode. The mechanism is resonant coupling between the higher-order core modes and the fundamental tube modes. This approach is analogous to using defect modes in a photonic bandgap fiber [20] [21] [22] [23] ; however, there is no need to create defects in this case, since the tubes that create the negative curvature can also provide the resonant coupling. Avoided crossings lead to high loss for fiber modes [24, 25] . It is possible to design negative curvature fiber so that an avoided crossing between the higher-order core modes and the fundamental tube modes leads to an increase in the loss of the higher-order core modes. The higher-order core modes in the parameter range of the avoided crossing are really hybrid modes that reside partly in the core and partly in the tubes. The loss ratio of the higher-order core modes to the fundamental core mode can be greater than 50, while the leakage loss for the fundamental core mode is still under 0.4 dB/m.
Fiber geometry
We calculate the fiber modes and their propagation constants using Comsol Multiphysics, a commercial full-vector mode solver based on the finite-element method. Anisotropic, perfectly matched layers (PMLs) are positioned outside the cladding in order to reduce the size of the simulation window [26] . Figure 1 shows the full hollow-core PCF geometry. The gray regions represent glass, and the white regions represent air. Only a quarter of the geometry is used in modeling hollow-core PCFs because of the symmetry of the modes [27, 28] . We model a hollow-core PCF with eight cladding tubes. The inner tube diameter, d tube , and the inner core diameter D core , are related by the expression D core = (d tube + 2t)/sin(π/8) − (d tube + 2t). We use t to denote the thickness of the tube walls. We use a core diameter, D core = 60 µm, and a wavelength, λ = 2 µm. We vary the tube wall thickness t to obtain an avoided crossing. We simulate As 2 S 3 chalcogenide glass with a refractive index whose real part equals 2.4 and whose imaginary part equals 1.1 × 10 −8 [29] .
Avoided crossing between higher-order core modes and tube modes
In order to confine light in the core of the negative curvature fiber, the wall thickness of the tubes must not be resonant with the wavelength of the light. Resonance occurs when
, where m is any positive integer, λ is the light wavelength, and where n 1 = 2.4 and n 0 = 1.0 are the real parts of the refractive indices of chalcogenide glass and air, respectively. At resonance, the phase of the electric field changes by a multiple of 2π from one side of the tube wall to the other [30] [31] [32] [33] . The values of t that correspond to m = 1, 2, and 3 are 0.46, 0.92, and 1.38 µm, respectively. We study the first transmission band, so that t < 0.46 µm. The TE 01 mode is the higher-order core mode that has the lowest loss, and the HE 11 mode is the fundamental core mode. The loss ratio of these two modes reaches a maximum of 58 when t = 0.42 µm; at this wall thickness, the loss of the fundamental core mode is 0.32 dB/m. Hence, higher-order core modes can be suppressed in combination with low transmission loss for the fundamental core mode. We repeated the same analysis for the second and third transmission bands. The maximum loss ratio of the higher-order core modes to the fundamental core mode reaches 39 and 28 when t = 0.88 and 1.33 µm, respectively. The corresponding losses of the fundamental core modes are 0.4 and 0.55 dB/m.
In order to study the coupling mechanism, we show the avoided crossing between the TE 01 core mode and the corresponding tube mode that couples to it at the avoided crossing. In Figs. 3-5, we use A1, A2, and A3 to label the fundamental core mode (HE 11 mode) when t = 0.32, 0.42, and 0.44 µm, respectively. We use B1, B2, and B3 to label the TE 01 core mode and C1, C2, and C3 to label the corresponding tube mode at the same three thicknesses. Figure 3(a) shows the real part of the effective index for the TE 01 core mode and the corresponding tube mode as the tube thickness increases from 0.32 to 0.44 µm. For reference, we also show the real part of the effective index of the fundamental core mode. Since both the TE 01 core mode and the corresponding tube mode reside in air and interact with the same tube wall, they vary in a similar way as the wall thickness increases. As a consequence, the avoided crossing happens slowly as the tube thickness changes from 0.40 to 0.44 µm. Nonetheless, the avoided crossing is clearly visible in the effective index and in the mode fields. The difference of the effective indices between the TE 01 core mode and the corresponding tube mode, as shown in Fig. 3(b) , reaches a minimum at t = 0.42 µm, which is also the tube thickness at which the loss ratio of the TE 01 core mode to the fundamental HE 11 core mode reaches its maximum, as shown in Fig. 2(c) . Fig. 2 . Real part of (a) the effective index and (b) the leakage loss of the fundamental HE 11 core mode, the TE 01 core mode, the TM 01 core mode, and the two degenerate HE 21 core modes in the chalcogenide negative curvature fiber. The blue dashed curves correspond to the tube modes. (c) Loss ratio of the TE 01 core mode to the fundamental HE 11 core mode. We show the mode fields in Fig. 4 . The color indicates the electric field, normalized to its maximum, while the arrows indicate the direction of the transverse electric field and the lengths of the arrows are propotional to the amplitude of the transverse electric field. When t = 0.32 µm, both the TE 01 core mode and the corresponding tube mode are well-confined to the core and the tubes, respectively. When t = 0.42 µm, in the center of the parameter range in which the avoided crossing occurs, both the original TE 01 core mode and corresponding tube mode reside partly in the core and partly in the cladding tubes. Both have effectively become hybrid modes. When t = 0.44 µm, most of the original TE 01 core mode resides in the tubes and vice versa. In Fig. 5 , we show the ratios of the power in the core and the power in the tubes to the total power in the fiber for both modes as a function of t. The crossing point, which occurs at t = 0.43 µm, is clearly visible. By contrast, the fundamental core mode is almost unaffected by the avoided crossing, and the fraction of its power that is in the core falls gradually from 0.98 to 0.88 as t increases from 0.32 µm to 0.44 µm. Note that other higher-order core modes, the TM 01 and HE 21 modes also have avoided crossings at t = 0.42 µm, although the effect of the avoided crossing is not as strong as the effect on the TE 01 core mode, as shown in Fig. 2(b) . Fig. 4 . Mode fields of the HE 11 core mode, the TE 01 core mode, and the tube mode that couples with the TE 01 core mode at tube thicknesses of 0.32 µm, 0.42 µm and 0.44 µm, respectively, corresponding to the labeled crosses in Fig. 3(a) and Fig. 5 . The contour plots represent the normalized electric field intensity and the arrows represent the amplitude and direction of the transverse electric field. 
Comparison between negative curvature fibers and annular core fibers
Here, we analyze the higher-order core modes and fundamental tube modes in a negative curvature fiber when they are effectively decoupled, which allows us to predict when an avoided crossing will occur. We use annular core fibers to predict the effective indices of the modes in the air core and a cladding tube of a negative curvature fiber. The annular core fiber is just a glass ring suspended in air [34] [35] [36] . Figure 6 shows two different annular core fibers used to study the modes in the core and a cladding tube of the negative curvature fiber. To study the modes in the tube, we use an annular core fiber with the same glass thickness and core diameter as the tubes in the negative curvature fiber. To study the modes in the air core, we use an annular core fiber with the same glass thickness as the glass thickness in the negative curvature fiber. We increase the core diameter in the annular core fiber by 5% to account for the effective increase in the core diameter that occurs in a negative curvature fiber. With this increase in the core diameter, we have found that the effective indices of the core modes in the negative curvature fiber match the effective indices of the modes in the corresponding annular core fiber within 0.001% for the tube thicknesses between 0.32 and 0.37 µm, as shown in Fig. 3(a) . We solve for the modes in the air core of the annular core fiber and plot the real part of the effective indices of different modes as open circles in Fig. 3(a) . The blue circles represent the effective index of the tube mode using an annular core fiber with the same diameter as a single tube in the negative curvature fiber. The black and red circles represent the effective indices of the fundamental core mode and the TE 01 core mode, respectively. We can see that corresponding solid curves and circles agree very well for tube thicknesses between 0.32 and 0.37 µm. At a larger tube thickness region, the blue circles and red circles cross each other at the tube thickness of the 0.42 µm. Hence, the crossing point of the decoupled modes in the annular core fibers is consistent with the avoided-crossing point of the coupled modes in the negative curvature fiber, as shown in Section 3. Annular core fibers can thus be used to provide a simple prediction of the avoided crossing between the higher-order core modes and the tube modes. 
Higher-order mode suppression with different core diameters
We also studied the possibility of suppressing higher-order core modes by using different core diameters or a different number of tubes. When we increase the core diameter, we increase the tube diameter proportionally. The effective indices of the modes in the core and tubes change by nearly the same amount. We find that the index difference between the higher-order (TE 01 ) core mode and the corresponding coupled tube modes only changes by 2 × 10 −5 when the core diameter changes from 50 µm to 60 µm. Hence, changing the core diameter does not significantly change the resonant coupling condition. On the other hand, one can benefit from this property because as one varies the core diameter, the avoided crossing condition and the higher-order mode suppression still occur. In addition, the loss of the fundamental core mode decreases as the core diameter increases. Figure 7 shows the loss coefficient of the fundamental core mode as a red solid curve, and it shows the loss ratio of the lowest-loss, higer-order (TE 01 ) core mode relative to the fundamental core mode as a blue dashed curve, as one changes core diameter. The tube thickness is fixed at 0.42 µm. The loss of the fundamental core mode decreases from 0.38 to 0.27 dB/m, while the loss ratio varies between 55 and 59 when we increase the core diameter from 58 to 62 µm. Hence, the higher-order mode suppression will be robust in the presence of core diameter fluctuations due to the fiber drawing process.
Instead of increasing the diameter of the tubes, one might increase the number of tubes, in which case the core diameter does not change and the tube diameter decreases. At the end, the effective index for the core mode does not change much and the effective index for the cladding tube mode decreases. The increasing index difference between the higher-order core modes and cladding tube modes will not enable resonant coupling between the higher-order core modes and cladding tube modes. On the other hand, if we decrease the number of tubes from eight to six, the hexagonal fiber structure would effectively have the same core diameter and tube diameter. In this case, the fundamental core mode would easily couple to the tube modes, which should be avoided. Fig. 7 . Loss of the fundamental core mode and loss ratio of the lowest-loss, higer-order (TE 01 ) core mode to the fundamental core mode as a function of core diameter. The tube thickness is fixed at 0.42 µm.
Conclusion
In this paper, we study higher-order core mode suppression in chalcogenide negative curvature fibers. In a negative curvature fiber, there is no need to create additional defect cores in the cladding region. The cladding tubes automatically serve as outer defect cores. The higher-order core modes can be suppressed using the avoided crossing between the higher-order core modes and the corresponding cladding tube modes. When the core diameter is 60 µm and the tube thickness is 0.42 µm, the loss ratio of the higher-order core modes to the fundamental core mode can be more than 50, while the leakage loss of the fundamental core mode is still under 0.4 dB/m. The higher-order core mode suppression is robust even with fluctuations of the core diameter that are induced by the fiber drawing process.
